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Outline

CHIME

Measurement

Motivation

Outlook
 

Adam Hincks • IASF Bologna • 30 Nov. 2016

CHIME: Forecasts

● Line – BAO (ΛCDM) in Fourier space, projected onto one 
effective redshift. 

● Errorbars – Predicted 2-year sensitivity of CHIME.

Interpretation



21 cm Intensity Mapping: 
A Promising Probe 

of Cosmology
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Outstanding Questions in Cosmology

What is causing the

accelerated expansion


of the Universe?
What is the nature of dark matter?

Is General Relativity a 
complete description of gravity?

Is inflation the correct description 
of the early Universe?

Significant progress can be made on all fronts by mapping the 
large-scale structure (LSS) of the Universe out to redshifts .z ≈ 6
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Significant progress can be made on all fronts by mapping the 
large-scale structure (LSS) of the Universe out to redshifts .z ≈ 6
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Outstanding Questions in Cosmology

What is causing the

accelerated expansion


of the Universe?
What is the nature of dark matter?

Is General Relativity a 
complete description of gravity?

Is inflation the correct description 
of the early Universe?

Gabriela Secara, Perimeter Institute

Andrey Kravtsov, U. Chicago Springel et al. 2005

Springel et al. 2005
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Baryon Acoustic Oscillations (BAO)

Movies by Adam Hincks:  http://adh-sj.info/bao_cmb.php

Evolution of a primordial density perturbation

Initial density perturbations result in sound waves that propagate in the baryon-photon fluid of the early universe.

These are “frozen in” at recombination, leaving acoustic peaks in the CMB and matter power spectrum.

rs

http://adh-sj.info/bao_cmb.php
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BAO as Cosmological Ruler
Image by 
Gen Chiaki and 
Atsushih Taruya

Planck Collaboration 2013
rs = 150 Mpc (± 0.3%)

DA(z)

 at 3∘ z = 1 …also get H(z)
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Spectroscopic Galaxy Surveys
• Carry out an imaging survey


• Select targets for follow up


• Perform spectroscopic follow up of each 
object to obtain redshift

Blanton et al. 2003
SDSS

Baryon Acoustic Oscillations 5

Fig. 2.— The large-scale redshift-space correlation function of the
SDSS LRG sample. The error bars are from the diagonal elements
of the mock-catalog covariance matrix; however, the points are cor-
related. Note that the vertical axis mixes logarithmic and linear
scalings. The inset shows an expanded view with a linear vertical
axis. The models are !mh2 = 0.12 (top, green), 0.13 (red), and
0.14 (bottom with peak, blue), all with !bh2 = 0.024 and n = 0.98
and with a mild non-linear prescription folded in. The magenta
line shows a pure CDM model (!mh2 = 0.105), which lacks the
acoustic peak. It is interesting to note that although the data ap-
pears higher than the models, the covariance between the points is
soft as regards overall shifts in !(s). Subtracting 0.002 from !(s)
at all scales makes the plot look cosmetically perfect, but changes
the best-fit "2 by only 1.3. The bump at 100h!1 Mpc scale, on the
other hand, is statistically significant.

two samples on large scales is modest, only 15%. We make
a simple parameterization of the bias as a function of red-
shift and then compute b2 averaged as a function of scale
over the pair counts in the random catalog. The bias varies
by less than 0.5% as a function of scale, and so we conclude
that there is no e!ect of a possible correlation of scale with
redshift. This test also shows that the mean redshift as a
function of scale changes so little that variations in the
clustering amplitude at fixed luminosity as a function of
redshift are negligible.

3.2. Tests for systematic errors

We have performed a number of tests searching for po-
tential systematic errors in our correlation function. First,
we have tested that the radial selection function is not in-
troducing features into the correlation function. Our selec-
tion function involves smoothing the observed histogram
with a box-car smoothing of width "z = 0.07. This cor-
responds to reducing power in the purely radial mode at
k = 0.03h Mpc!1 by 50%. Purely radial power at k = 0.04
(0.02)h Mpc!1 is reduced by 13% (86%). The e!ect of this
suppression is negligible, only 5! 10!4 (10!4) on the cor-
relation function at the 30 (100) h!1 Mpc scale. Simply
put, purely radial modes are a small fraction of the total
at these wavelengths. We find that an alternative radial
selection function, in which the redshifts of the random

Fig. 3.— As Figure 2, but plotting the correlation function times
s2. This shows the variation of the peak at 20h!1 Mpc scales that is
controlled by the redshift of equality (and hence by !mh2). Vary-
ing !mh2 alters the amount of large-to-small scale correlation, but
boosting the large-scale correlations too much causes an inconsis-
tency at 30h!1 Mpc. The pure CDM model (magenta) is actually
close to the best-fit due to the data points on intermediate scales.

catalog are simply picked randomly from the observed red-
shifts, produces a negligible change in the correlation func-
tion. This of course corresponds to complete suppression
of purely radial modes.

The selection of LRGs is highly sensitive to errors in the
photometric calibration of the g, r, and i bands (Eisenstein
et al. 2001). We assess these by making a detailed model
of the distribution in color and luminosity of the sample,
including photometric errors, and then computing the vari-
ation of the number of galaxies accepted at each redshift
with small variations in the LRG sample cuts. A 1% shift
in the r " i color makes a 8-10% change in number den-
sity; a 1% shift in the g " r color makes a 5% changes in
number density out to z = 0.41, dropping thereafter; and
a 1% change in all magnitudes together changes the num-
ber density by 2% out to z = 0.36, increasing to 3.6% at
z = 0.47. These variations are consistent with the changes
in the observed redshift distribution when we move the
selection boundaries to restrict the sample. Such photo-
metric calibration errors would cause anomalies in the cor-
relation function as the square of the number density vari-
ations, as this noise source is uncorrelated with the true
sky distribution of LRGs.

Assessments of calibration errors based on the color of
the stellar locus find only 1% scatter in g, r, and i (Ivezić
et al. 2004), which would translate to about 0.02 in the
correlation function. However, the situation is more favor-
able, because the coherence scale of the calibration errors
is limited by the fact that the SDSS is calibrated in regions
about 0.6" wide and up to 15" long. This means that there
are 20 independent calibrations being applied to a given
6" (100h!1 Mpc) radius circular region. Moreover, some
of the calibration errors are even more localized, being
caused by small mischaracterizations of the point spread
function and errors in the flat field vectors early in the
survey (Stoughton et al. 2002). Such errors will average
down on larger scales even more quickly.

The photometric calibration of the SDSS has evolved

SDSS
Eisenstein et al. 2005

z = 0.35

BAO  
Scale

BAO 
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BAO in the Galaxy Correlation Function / Power Spectrum
10 S. Alam et al.

Figure 3. BAO signals in the measured post-reconstruction power spectrum (left panels) and correlation function (right panels) and predictions of the best-fit
BAO models (curves). To isolate the BAO in the monopole (top panels), predictions of a smooth model with the best-fit cosmological parameters but no BAO
feature have been subtracted, and the same smooth model has been divided out in the power spectrum panel. For clarity, vertical offsets of ±0.15 (power
spectrum) and ±0.004 (correlation function) have been added to the points and curves for the high- and low-redshift bins, while the intermediate redshift
bin is unshifted. For the quadrupole (middle panels), we subtract the quadrupole of the smooth model power spectrum, and for the correlation function we
subtract the quadrupole of a model that has the same parameters as the best-fit but with ✏ = 0. If reconstruction were perfect and the fiducial model were
exactly correct, the curves and points in these panels would be flat; oscillations in the model curves indicate best-fit ✏ 6= 0. The bottom panels show the
measurements for the 0.4 < z < 0.6 redshift bin decomposed into the component of the separations transverse to and along the line of sight, based on
x(p, µ) = x0(p) + L2(µ)x2(p), where x represents either s

2 multiplied by the correlation function or the BAO component power spectrum displayed in the
upper panels, p represents either the separation or the Fourier mode, L2 is the 2nd order Legendre polynomial, p|| = µp, and p? =

p
p2 � µ2p2.

c� 2016 RAS, MNRAS 000, 1–38

BOSS
Alam et al. 2017

10 S. Alam et al.

Figure 3. BAO signals in the measured post-reconstruction power spectrum (left panels) and correlation function (right panels) and predictions of the best-fit
BAO models (curves). To isolate the BAO in the monopole (top panels), predictions of a smooth model with the best-fit cosmological parameters but no BAO
feature have been subtracted, and the same smooth model has been divided out in the power spectrum panel. For clarity, vertical offsets of ±0.15 (power
spectrum) and ±0.004 (correlation function) have been added to the points and curves for the high- and low-redshift bins, while the intermediate redshift
bin is unshifted. For the quadrupole (middle panels), we subtract the quadrupole of the smooth model power spectrum, and for the correlation function we
subtract the quadrupole of a model that has the same parameters as the best-fit but with ✏ = 0. If reconstruction were perfect and the fiducial model were
exactly correct, the curves and points in these panels would be flat; oscillations in the model curves indicate best-fit ✏ 6= 0. The bottom panels show the
measurements for the 0.4 < z < 0.6 redshift bin decomposed into the component of the separations transverse to and along the line of sight, based on
x(p, µ) = x0(p) + L2(µ)x2(p), where x represents either s

2 multiplied by the correlation function or the BAO component power spectrum displayed in the
upper panels, p represents either the separation or the Fourier mode, L2 is the 2nd order Legendre polynomial, p|| = µp, and p? =

p
p2 � µ2p2.

c� 2016 RAS, MNRAS 000, 1–38

Configuration space Fourier space
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21 cm Intensity Mapping
• Use the hyperfine transition of neutral hydrogen (HI)

21cm
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ν = 1420 MHz / (1 + z)

• Make low-res maps of radio sky over large bandwidth

- Radio frequency maps to redshift:

Blanton et al. 2003

Smoothed to 
CHIME resolution

SDSS
BAO  
Scale

• Efficient way to map large-scale structure
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Survey Volume

Scaled such that

Area = Survey Volume

Big Bang

Recombination



Seth Siegel Copernicus Webinar Series 12

Survey Volume

Scaled such that

Area = Survey Volume

Big Bang

Recombination

BOSS
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Survey Volume

Scaled such that

Area = Survey Volume

Big Bang

Recombination

CHIME

BOSS
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Survey Volume

Scaled such that

Area = Survey Volume

Reionization

Big Bang

Recombination
Dark Ages

CHIME

DESI

BOSS
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Instrument Considerations

• Map a large volume


• Choose angular and frequency resolution to 
measure third BAO peak


• Maximize sensitivity to these scales


• Limit cost

from arXiv:2201.07869



CHIME:

the Canadian Hydrogen Intensity Mapping Experiment



Incorporation of 
unit names in 
the Signature
The names of faculties, depart-
ments, and other units of the
University may be used with
the University signature in the
manner shown in the examples.
These additional elements must
be set in the typeface Univers
bold.  ICC will prepare the
appropriate texts upon request.

The Wordmark
The wordmark is “McGill”
printed in a custom- designed
font which takes its origin from
Garamond. Samples of the
wordmark are readily available
from the Instructional
Communications Centre (ICC)
and other typefaces may not be 

substituted.  It is not possible to
reproduce the wordmark with
standard printing fonts.

If the word “McGill” appears
alone, that is, if it is not part of
a text, it must be printed as the
wordmark.

The Signature
McGill’s signature consists of
two elements:
• the shield 
• the wordmark. 
For printed documents intended
for dissemination outside the 

University it is required that
the full signature be used.  For
internal use, in some instances
the shield may  be preferred to
the signature.

Dimensions and 
clear space
The shield and wordmark shall
be reproduced in the relative
dimensions shown here.  The
signature shall be surrounded
by the recommended minimum
clear space to separate it from
other text and graphic ele-
ments. The minimum shield
width is .25".

A minimum margin of clear
space must be left around the
shield and/or the wordmark that
is equal to one-half the width of
the shield or equal to the width
of the gap in the top of the 
letter M.

4

Dominion  
Radio 
Astrophysical 
Observatory

a collaboration between

with partners at



 
Caption: People  at work: (top  left) Postdoc Emmanuel  Fonseca  and  summer intern Tristan 
Simmons raising  feeds onto  the  focal  line; (top  right) Postdoc Cherry Ng  connecting some  of 
the  2048  50m-long  coaxial  cables; (bottom left) Graduate  student Juan  Mena  Parra installing 
FPGA motherboards; (bottom right) Graduate  student Nolan  Denman  assembling  GPUs in 
the  X-engine. 
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Drone Flight Over CHIME
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Frequency [MHz]
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Dominion Radio Astrophysical Observatory (DRAO)

CHIME Pathfinder

ALBERTA

TV Channels LTE

≈ 40% of data 
masked due to RFI

CHORD 
Coming 2025
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Cylindrical Transit Interferometer

Movie by Peter KlaggeWE



Seth Siegel Copernicus Webinar Series 22

Cylindrical Transit Interferometer

Matt.Dobbs@McGill.ca, SKA-Toronto 2015-12  17 

Slide from Liam Connor 
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Cylindrical Transit Interferometer

Matt.Dobbs@McGill.ca, SKA-Toronto 2015-12  19 

Slide from Liam Connor 
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Cylindrical Transit Interferometer
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Cylindrical Transit Interferometer

Haslam 408 MHz Map
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Radio Sky as Seen by CHIME

ν = 670 MHz, Δν = 0.39 MHz
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CHIME Science Objectives

Hydrogen Intensity

Mapper

Measure baryon 
acoustic oscillations 
in the distribution of 
neutral hydrogen 
between z = 0.8 - 2.5.

Constrain dark energy.

Fast Radio Burst 
Detector

Detect large 
sample of FRBs.

Constrain properties 
and origins of FRBs.

Pulsar Monitor

Provide near daily 
timing data on all 
northern hemisphere 
pulsars.

Measure pulsar 
properties and 
improve constraints 
on gravitational waves.
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Results from CHIME/FRB	

	

	

Figure 1: Dynamic spectrum (“waterfall”) plots for our sample of pre-commissioning 
CHIME/FRB events. Colour-scale intensity is proportional to SNR, with all dynamic spectra using the 
same boundary values of intensity for colour mapping. The upper value of the boundary was chosen such 
that low-SNR signals are visible in their dynamic spectra, while saturating the spectra for high-SNR 
events. The blue line plots above each spectrum are frequency-summed burst profiles shown with full time 
resolution. Properties of individual events are provided in Table 1. For bursts detected in more than one 
beam, we show data from the beam with the highest SNR. We caution that the spectra shown here have 
not been calibrated for the effective bandpass, because this is strongly dependent on beam calibration — 
work in progress — and on the unknown location of the source in our primary beam or possibly in a 
sidelobe. Note that in nearly all cases radio frequencies in the 729–756 MHz band have been removed due 
to the presence of radio frequency interference from cell phone communication, as have narrower bands 
corresponding to television and other interfering signals (the bandwidth used for these plots ranges 
from 246 to 299 MHz). 

	

S PA C E  A N D  C H I M E
First observations by Canadian telescope 

capture a slew of fast radio bursts PAGES 230 & 235

ARCHAEOLOGY

HOW THE 
MAYA LIVED

Meet the bioarchaeologist 
reshaping views of the past

PAGE !68

RESEARCH INTEGRITY

QUALITY 
CONTROL

Time to set up a US research 
policy board

PAGE !73

DRUG DISCOVERY

VIRTUAL DRUG 
SCREENING

A rapid route to viable 
candidate compounds 

PAGES !93 & 224

NATURE.COM
14 February 2019 £10

Vol. 566, No. 7743

T H E  I N T E R N AT I O N A L  W E E K LY  J O U R N A L  O F  S C I E N C E

• Early results from commissioning 
 
(CHIME/FRB Collaboration 2019ab):

- 13 new FRBs

- 1 new repeating FRB

• More recently: 

- Detection of original repeater 
(Josephy et al. 2019) 

- Detection of 8 new repeaters 
(CHIME/FRB Collaboration 2019c) 

- Detection of 9 new repeaters 
(Fonseca et al. 2020) 

- Bright millisecond burst from a 
Galactic Magnetar 
(CHIME/FRB Collaboration 2020a) 

- Periodic activity from an FRB 
(CHIME/FRB Collaboration 2020b)


- Study of FRB burst morphology 
(Pleunis et al. 2020)


- Cross-correlation with LSS 
(Rafiei-Ravandi et al. 2021) 

- No evidence for dependence on 
gal. latitude (Josephy et al. 2021) 

- First catalog of FRBs 
(CHIME/FRB Collaboration 2021) 

- Sub-second periodicity in a FRB 
(CHIME/FRB Collaboration 2022)
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Current Status of CHIME Cosmology

• We have been acquiring data for 3 years.

- Have ~330 days of total integration time (after flagging).

- Data shown in this presentation has ~50 days of total integration time.

• Significant progress on instrument calibration over the past three years.

- Full sky co-polar beam model at 5% level

- Complex gain amplitude calibration < 1%, phase calibration < 0.015 rad.

• Focusing efforts on:

- Primary beam calibration

- Foreground filtering

- Cross-correlation with tracers of large-scale structure

- Power spectrum estimation

- Galactic science and “slow” radio transients



Detection of 21 cm Emission:

Data Processing
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Astrophysical Foregrounds
• Galactic synchrotron 

- Power law spectrum

‣  with Tb(ν) ∝ ν−α α ≈ 2.8

Haslam Map 
408 MHz

log scale

NVSS Map

1400 MHz

• Extra-galactic point sources 

- Radio galaxies, AGN, supernovae remnants, …


‣ Emission from synchrotron and free-free


‣ Featureless spectra
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The Foreground Problem
13
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FIG. 8. This plot illustrates the process of foreground removal on simulations of the radio sky. The top row of plots show
skymaps of the individual components: unpolarised foregrounds, polarised foregrounds (showing Stokes Q only), and the 21 cm
signal. On the bottom row we show the maps we would make after foreground cleaning visibilities from our example telescope.
Both the polarised and unpolarised foregrounds become substantially supressed, whereas the 21 cm signal is largely una↵ected.
In this example we have discarded modes with S/F < 10. This leaves a clear correspondence between the original signal
simulation and the foreground subtracted signal, whilst leaving the foreground residuals over 10 times smaller in amplitude.

for further analysis it will be particularly useful if the set
of modes we use in our calculation are uncorrelated. By
making a further KL-transformation on the foreground
removed signal Ss = ⇤s, and total noise N

all

t
covariance

matrices, we find a new transformation matrix Q which
maps into a basis where this is true. We will apply a
further cuto↵ to this, including only modes with a signal
to total noise ratio greater than s to give a transform Q

t
.

For notational convenience we will write the total
transformation in terms of a single matrix R = Q

t
Ps,

having chosen suitable values for the two cuto↵s s and
t. Quantities in this final basis we denote with tildes, for
example a visibility mapped into this basis is ṽ = Rv̄,
and a covariance is C̃ = RC̄R

†. We will denote the
signal covariance S̃ = ⇤̃, and the total noise covariance
(including foregrounds) as Ñ = I.

21 cmUnpolarized Foreground Polarized Foreground

Shaw et al. 2015

•Foregrounds due to galactic synchrotron 
and extragalactic point source emission are 
105 times  brighter than the 21 cm signal.

•Foregrounds have a smooth spectrum, whereas the 21 cm 
signal varies rapidly with frequency because it originates 
from distinct structure along the line-of-sight direction.
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Delay Space Filter

|Vij(ν) |

ν

ℱ
| Ṽij(τ) |

τ

Cylindrical Reflector

Focal Line

5 m

Apply a high-pass filter along the frequency axis to remove the spectrally smooth foregrounds.
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Delay Space Filter

| Ṽij(τ) |

τ

Focal Line

5 m

Cylindrical Reflector

τhorizon

|Vij(ν) |

ν

ℱ

Apply a high-pass filter along the frequency axis to remove the spectrally smooth foregrounds.
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Delay Space Filter

| Ṽij(τ) |

τ

Focal Line

5 m

Cylindrical Reflector

HI

τhorizon

|Vij(ν) |

ν

ℱ

Apply a high-pass filter along the frequency axis to remove the spectrally smooth foregrounds.



Seth Siegel Copernicus Webinar Series 36

Delay Space Filter

|Vij(ν) |

ν

ℱ

τ

| Ṽij(τ) |
Focal Line

5 m

Cylindrical Reflector

30 nsec

τhorizon

Apply a high-pass filter along the frequency axis to remove the spectrally smooth foregrounds.
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CHIME and SDSS Cross-correlation

Map of the northern radio sky as measured by CHIME. 
Shown is the average spectral flux density over the 585 to 800 MHz band.

Use the SDSS DR16 eBOSS clustering catalogs.


Three tracers of large-scale structure:

• Emission Line Galaxies (ELGs)


- Blue, star forming

• Luminous Red Galaxies (LRGs)


- Old, quiescent

• Quasars (QSOs)


- Bright active galactic nuclei
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Stacking on Tracers of Large-scale Structure

Quasar stack

Mateus Fandino and J Richard Shaw (McGill University)Simulations and mock catalogs October 19, 2018 8 / 15

Diagram by Mateus Fandiño

Galaxy / 
Quasar • Make map at each frequency.


• Apply a high-pass filter along frequency axis.


• Mask residual foregrounds and RFI.


• Extract spectral cube centered on each source.


• Take weighted average of the spectral cubes.

Procedure:
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Stacking on Tracers of Large-scale Structure

…

• Make map at each frequency.


• Apply a high-pass filter along frequency axis.


• Mask residual foregrounds and RFI.


• Extract spectral cube centered on each source.


• Take weighted average of the spectral cubes.

Procedure:
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Stacking on Tracers of Large-scale Structure

…

=

+

+

+
+

• Make map at each frequency.


• Apply a high-pass filter along frequency axis.


• Mask residual foregrounds and RFI.


• Extract spectral cube centered on each source.


• Take weighted average of the spectral cubes.

Procedure:
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Previous Stacking Analyses

370 | Nature | Vol !"# | $! October %&%&

Article

LH!"="(6.37"±"1.42)"#"105"Jy"Mpc2"km"s$1, at the average galaxy redshift of 
%z&"="1.03. This implies an average H"! mass of %MH!&"="(1.19"±"0.26)"#"1010M' 
(Table"1 provides a summary of our results).

We used simulations to estimate the possible contamination in the 
above estimate of the average H"! mass due to ‘source confusion’, that 
is, companion galaxies lying within the uGMRT synthesized beam 
(see"Methods). We find that this contamination is negligible, being 
("2% for even very conservative assumptions. This is due to the compact 
uGMRT synthesized beam used for the H"! 21-cm stacking, which has a 
full-width at half-maximum (FWHM) of just 60"kpc, similar to the size 
of an individual galaxy.

The mean stellar mass of the galaxies in our sample is %M*&"="9.4"#"109M' 
(see"Methods11), yielding a ratio of average H"! mass to average stellar 
mass of %MH!&/%M*&"="1.26"±"0.28 at %z&"="1.03, that is, an average H"! mass 
that is comparable to, and possibly larger than, the average stellar mass. 
This is very different from the situation in star-forming galaxies with 
a similar stellar mass distribution in the local Universe, for which the 
average H"! mass is only about 40% of the average stellar mass12. The 
ratio of H"! mass to stellar mass in star-forming galaxies thus appears 
to evolve from z")"1 to the present epoch.

Most star-forming galaxies have been shown to lie on a so-called 
main sequence—a power-law relationship between the SFR and the 
stellar mass—at z")"0$2.5, with the amplitude of the power law declining 
with time13,14. Such main-sequence galaxies form stars in a steady reg-
ular manner, and dominate the cosmic SFR density at all redshifts15. 
However, the time for which a galaxy can continue to form stars at its 
current SFR depends on the availability of neutral gas. This is quantified 
by the gas depletion time, tdep, which is the ratio of the gas mass (either 
H2 or H"!) to the SFR. The H2 depletion timescale tdep,H2

 gives the time 
for which a galaxy could sustain its present SFR without additional 
formation of H2. Conversely, the H"! depletion time, tdep,H!"="MH!/SFR, 
gives the timescale on which the H"! in a galaxy would be exhausted by 
star formation (with an intermediate conversion to H2). This would 
result in quenching of the star-formation activity if H"! is not replenished 
in the galaxy, via accretion from the circumgalactic medium or minor 
mergers.

We estimated the average SFR of our 7,653 main-sequence galaxies 
by stacking their rest-frame 1.4-GHz continuum emission (see"Meth-
ods) to measure the average rest-frame 1.4-GHz luminosity. We then 
combined this 1.4-GHz luminosity with the radio–far-infrared correla-
tion16 to derive an average SFR of (7.72"±"0.27)M'"yr$1 (refs. 17,18). Combin-
ing this with our average H"! mass estimate of (1.19"±"0.26)"#"1010M' 
yields an average H"! depletion time of %tdep,H!&"="(1.54"±"0.35)"Gyr for 
star-forming galaxies at %z&"="1.03. The H"! depletion time is even shorter 
for the brighter galaxies of the sample, those with absolute B-band 
magnitude MB"*"$21. To estimate this, we stacked the H"! 21-cm emission 
from the 3,499 galaxies with MB"*"$21 to obtain an average H"! mass of 
(1.70"±"0.43)"#"1010M', and also stacked their rest-frame 1.4-GHz con-
tinuum emission to derive an average SFR of (16.37"±"0.43)M'"yr$1. 
Combining these measurements, we find that galaxies with MB"*"$21 
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Fig. 1 | The final stacked H!" 21-cm emission image. This image of the stacked 
H"! 21-cm line luminosity was obtained by stacking the corresponding spatial 
and velocity pixels of the sub-cubes centred on each of the 7,653 blue, 
star-forming galaxies of the sample, covering the velocity range ±135"km"s$1 
around the galaxy redshift (see"Methods). The circle at bottom left indicates 
the size of the 60-kpc beam (that is, the spatial resolution). The contour levels 
are at 3! and 4.2! statistical significance, where ! is the r.m.s. noise on the 
image. The stacked H"! 21-cm emission signal is clearly detected in the centre of 
the image, at approximately 4.5! significance, and is statistically consistent 
with it arising from an unresolved source.
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Fig. 2 | The final stacked H!" 21-cm spectrum. This was obtained via a cut 
through the location of the peak H"! 21-cm line luminosity in Fig."1, at a velocity 
resolution of 90"km"s$1. The dashed curve indicates the 1! r.m.s. noise on the 
spectrum in each of the 90"km"s$1 velocity channels. The stacked H"! 21-cm 
emission signal is clearly detected, at about 4.5! significance.

Table 1 | Details of the sample and our key results

Number of galaxies 7,653

Redshift range 0.74!1.45

Mean redshift, %z& 1.03

Mean stellar mass, %M*& 9.4"#"109M'

Mean H"I mass, %MHI& (1.19"±"0.26)"#"1010M'

%MHI&/%M*& 1.26"±"0.28

Radio-derived SFR (7.72"±"0.27)M'"yr!1

H"I depletion timescale, %tdep,HI& 1.54"±"0.35"Gyr

!HI,Bright at %z&"="1.06 (2.31"±"0.58)"#"10!4

Total !HI at %z&"="1.06 (4.5"±"1.1)"#"10!4

Rows are as follows: (1) the number of galaxies whose H"I 21-cm spectra were stacked to  
detect the average H"I 21-cm emission signal; (2) the redshift range of the stacked galaxies;  
(3) their mean redshift; (4) their mean stellar mass; (5) the mean H"I mass; (6) the ratio %MHI&/%M*&; 
(7) the SFR derived from the rest-frame average 1.4-GHz radio luminosity density; (8) the H"I 
depletion timescale; (9) the co-moving cosmological H"I mass density in bright galaxies with 
MB"$"!20 at %z&"="1.06; and (10) the total !HI in star-forming galaxies at %z&"="1.06.

Chowdhury et al. 2021: GMRT

0.74 < z < 1.45

• Interferometric observations


• 4 - 13  detection significance


• No clustering information


• Derive mean HI mass of galaxy sample

σ
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Previous Cross Power Spectrum Analyses
• Single-dish observations


• 4 - 7  detection significance


• Mostly probe clustering


• Create template for scale-dependence 
of cross-correlation.  Fit template to 
measured cross power spectrum to 
constrain overall amplitude.


• Constrain .

σ

r ΩHI bHI

eBOSS - GBT H� intensity mapping cross-correlations 11

Figure 10. The GBT H� intensity mapping cross-correlation with the galaxy
samples in comparison. Note that all power spectra were estimated at the
same :, and the staggered : values in the plots are for illustration purposes
only.

scales (high :) contain most of the statistical power of the measure-
ment, the beam and model of nonlinearities become less robust as
: increases.

In Figure 12 we show the measured GBT-WiggleZ power spec-
trum, concentrating on the results with #IC = 20, 36. In the bottom
panel, we perform a simple null diagnostic test by plotting the ratio
of data and error. This shows that most of the measurements in the
range of scales with high signal-to-noise ratio are more than 1f
positively away from 0. For our fiducial IC=36 results for Case I,
corresponding to the same range of scales considered in Masui et al.
(2013), the detection significance is estimated to be 4.4f (we note
that in Masui et al. (2013) this was found to be 7.4f but for the
combined 1hr and 15hr fields observations). We show similar plots
for the GBT-ELG and GBT-LRG cross-correlations in Figure 13
and Figure 14, respectively. We note that our null tests suggest that
the GBT-LRG detection is the most tentative of the three. Indeed,
estimating the detection significance for GBT-ELG and GBT-LRG,
we find 4.5f and 2.9f, respectively, for Case I. In Table 1 we show
the detection significance for #IC = 36 for all Cases. We see that
the detection significance for the GBT-LRG cross-correlation con-
siderably improves when considering the restricted ranges of scales,
Cases II and III.

To relate the measured power spectra with a theory model and
derive the H� constraints, we use Equation 1 to express the mean
21cm emission brightness temperature)H� as a function of ⌦H�. We
observe the brightness contrast, X) = )H�XH�. We also assume that
the neutral hydrogen and the optical galaxies are biased tracers of
dark matter, but we also include a galaxy-H� stochastic correlation
coe�cient AH�,opt. To compare the theoretical prediction with the
measurements, we follow a procedure similar to the one described
in Masui et al. (2013):

• We assume a fixed Planck cosmology (Ade et al. 2016).
• We assume a known galaxy bias 1opt at the mean redshift

I ' 0.8, with opt corresponding to WiggleZ (Blake et al. 2011),
eBOSS ELGs, and eBOSS LRGs (Alam et al. 2020) depending on
the galaxy sample we cross-correlate the H� maps with. That is,
1Wig = 1.22, 1ELG = 1.4, 1LRG = 2.3.
• We include non-linear e�ects to the matter power spectrum

%m (:) using CAMB (Lewis et al. 2000) with HALOFIT (Smith et al.
2003; Takahashi et al. 2012) and also include (linear) redshift space
distortions as (1 + 5 `2)2 (Kaiser 1987), where 5 the growth rate

Figure 11. The power spectra of our simulation suite. Top: The auto-galaxy
power spectra of the three galaxy samples. The mock-ELG and WiggleZ
power spectra are of similar amplitude, whereas the mock-LRG exhibits a
higher bias, consistent with the data. Middle: The cross-galaxy power spec-
tra of the mock samples. Similarly to the data, we see a possible drop in
amplitude on smaller scales for the LRG-WiggleZ correlation. Bottom: The
H�-galaxy cross-correlation, beam-convolved and with no beam to demon-
strate the e�ect of the cross-shot noise. The dashed-dotted lines indicate the
shot noise amplitude.

of structure and ` the cosine of the angle to the line-of-sight.
When spherically averaged to compute the matter power spectrum
monopole, %XX (:), this RSD factor gives an amplitude boost of 1.7
for our fiducial cosmology.

• We then construct an empirical cross-power spectrum model

MNRAS 000, 1–16 (2020)

Wolz et al. 2021 : GBT

0.6 < z < 1.0

x eBOSS LRG

x eBOSS ELG

x WiggleZ
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CHIME Map at 700 MHz for NGC Field

Map at 700 MHz covering the NGC field. 
Constructed from visibilities averaged over 100 sidereal days. 

Roughly 50 days of integration time on this field (we mask all day-time data).  
Model for the primary beam pattern has been deconvolved.



Seth Siegel Copernicus Webinar Series 44

CHIME Map at 700 MHz (Inter-cylinder baselines)

Map constructed from inter-cylinder baselines only.

Resolves out the diffuse galactic emission. 

Dominated by emission from extra-galactic point sources.

Color scale has been compressed by a factor of 15.

NO

YES



Seth Siegel Copernicus Webinar Series 45

Delay Space (Fourier Conjugate of Frequency)Detection of Cosmological 21cm Emission with CHIME / Simon Foreman

Delay space (Fourier conjugate of frequency)

• Fourier transform
• Compute variance over RA

<latexit sha1_base64="ZdwZZRY4yltDKU6D4D7eibOERsM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBh0Y3g</latexit>⌫

<latexit sha1_base64="ERfFK9grx8kEGtGkejpIViSVsQ4=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOyS5idzCZDZmeHeQhhyW948aCIV3/Gm3/jJNmDJhY0FFXddHfFkjNtfP/bK62tb2xulbcrO7t7+wfVw6O2zqwitEUynqlujDXlTNCWYYbTrlQUpzGnnXh8N/M7T1RplolHM5E0SvFQsIQRbJwUhsKi0GSusO1Xa37dnwOtkqAgNSjQ7Fe/wkFGbEqFIRxr3Qt8aaIcK8MIp9NKaDWVmIzxkPYcFTilOsrnN0/RmVMGKMmUK2HQXP09keNU60kau84Um5Fe9mbif17PmuQmypmQ1lBBFosSy5H7chYAGjBFieETRzBRzN2KyAgrTIyLqeJCCJZfXiXti3pwVb98uKw1bos4ynACp3AOAVxDA+6hCS0gIOEZXuHNs96L9+59LFpLXjFzDH/gff4AiSqRXw==</latexit>

⌫ ! ⌧ • Fourier transform 


• Compute variance over RA

ν → τ
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Delay Power Spectrum

Foregrounds

Foreground 
leakage from

multi-path

Bright sources 
in far side-lobes

Aliasing

Thermal noise 
dominated

Thermal noise 
dominated
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Delay Power Spectrum

Filtered away
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CHIME Map at 700 MHz (Inter-cylinder, delay filtered)

The inter-cylinder baseline map after applying the delay filter.

The color scale has been compressed by a factor of 300. 

Residual foregrounds are evident, primarily due to very bright sources in the far sidelobes 
and bright sources in the main lobe.
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Gaussian Noise Realization for Comparison

Create visibilities that are randomly drawn from a circularly symmetric complex Gaussian distribution 
with mean 0 and variance equal to the expected variance of the thermal noise, 

then apply the same map making and foreground filtering.
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CHIME Map at 700 MHz (Inter-cylinder, filtered, masked)

Inter-cylinder, delay filtered map after masking any pixel that is greater than ,

where  is the standard deviation of the expected radiometric noise. 

Masks 6.1% of pixels in this field at this frequency. 

3σ
σ
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CHIME Map at 700 MHz (Inter-cylinder, filtered, masked)

Inter-cylinder, delay filtered map after masking any pixel that is greater than . 
Masks 1.4% of pixels in this field at this frequency.


Choice of threshold results in an analysis pipeline that is linear to better than 4%.  

6σ
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Stacked Signal for All Three eBOSS Tracers



Seth Siegel Copernicus Webinar Series 53

Stacked Signal for All Three eBOSS Tracers
zeff = 0.84zeff = 0.96 zeff = 1.20S/N = 5.7 S/N = 7.1 S/N = 11.1

Nsource ≈ 31,000 Nsource ≈ 22,000 Nsource ≈ 48,000
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Stacked Signal for QSO Redshift Bins
zeff = 1.12zeff = 0.97 zeff = 1.30S/N = 7.5 S/N = 6.6 S/N = 6.4

Nsource ≈ 12,000 Nsource ≈ 12,000 Nsource ≈ 24,000



Detection of 21 cm Emission:

Interpretation
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Physical Scales Probed

BAO

Set by 
spatial + spectral 
foreground filter

Small Spectral

Scales

Small Angular

Scales
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Modeling the Stacked Signal

PHI,g(k, μ; z1, z2) = Tb(z1; ΩHI) [bHI(z1) + f(z1)μ2] [bg(z2) + f(z2)μ2]

× D(z1) D(z2) Pm(k; αNL) DFoG(kμ, z1; σHI) DFoG(kμ, z2; σg) + C(z1)⟨MHI⟩g

 :                     mean HI density


,  :                 linear bias (strength of clustering compared to total matter)


 :                     smoothly transition between the linear and non-linear total matter power spectrum


,  :                 scale of “Finger of God” damping due to small-scale velocity dispersion


 :                 mean HI mass per object in catalog

ΩHI

bHI bg

αNL

σHI σg

⟨MHI⟩g

S(Δν12) = ∫
∞

0
dk∫

1

−1
dμ W(k, μ) PHI,g(k, μ; z1, z2)

In principle, the stacked signal is the integral of some window function  times the HI-galaxy 
cross-power spectrum:

W

with parameters:

Characterizing this window function is challenging.  We instead make use of our extensive simulation pipeline.
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Simulation-based Forward Modeling

Text

Detection of Cosmological 21cm Emission with CHIME / Simon Foreman

Simulation-based modelling

Generate correlated 
multi-freq. sky maps

13

FIG. 8. This plot illustrates the process of foreground removal on simulations of the radio sky. The top row of plots show
skymaps of the individual components: unpolarised foregrounds, polarised foregrounds (showing Stokes Q only), and the 21 cm
signal. On the bottom row we show the maps we would make after foreground cleaning visibilities from our example telescope.
Both the polarised and unpolarised foregrounds become substantially supressed, whereas the 21 cm signal is largely una↵ected.
In this example we have discarded modes with S/F < 10. This leaves a clear correspondence between the original signal
simulation and the foreground subtracted signal, whilst leaving the foreground residuals over 10 times smaller in amplitude.
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• Detect all galaxies with 
high significance.

• Take spectra to 
determine redshift
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large scalescatalogs

Make map, 
filter, mask

map

Stack map on 
catalog positions

CHORD Cross-Correlation WorkshopSeth Siegel 7

Stacked Signal for all three eBOSS Tracers

zeff = 0.84zeff = 0.925 zeff = 1.19

stack

Model Parameters 
[ΩHI, bHI, bg, ⟨MHI⟩g, σHI, σg, αNL]

template

Takes ~1,000 core-hours.
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Simulation-based Forward Modeling

Text

Detection of Cosmological 21cm Emission with CHIME / Simon Foreman

Simulation-based modelling

Generate correlated 
multi-freq. sky maps

13

FIG. 8. This plot illustrates the process of foreground removal on simulations of the radio sky. The top row of plots show
skymaps of the individual components: unpolarised foregrounds, polarised foregrounds (showing Stokes Q only), and the 21 cm
signal. On the bottom row we show the maps we would make after foreground cleaning visibilities from our example telescope.
Both the polarised and unpolarised foregrounds become substantially supressed, whereas the 21 cm signal is largely una↵ected.
In this example we have discarded modes with S/F < 10. This leaves a clear correspondence between the original signal
simulation and the foreground subtracted signal, whilst leaving the foreground residuals over 10 times smaller in amplitude.
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Stacked Signal for all three eBOSS Tracers

zeff = 0.84zeff = 0.925 zeff = 1.19

stack

Model Parameters 
[ΩHI, bHI, bg, ⟨MHI⟩g, σHI, σg, αNL]

template

Stacked signal is a linear 
function of most model 
parameters.


Repeat for 17 different sets 
of model parameters.


Predict expected signal for 
arbitrary set of model 
parameters by taking linear 
combinations of the 17 
templates.
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Model Parameters

Mean HI density                                                 


Linear bias                                                     ,  


Mean HI mass per object in catalog,            
results in correlated shot noise 


Small-scale velocity dispersion,                   ,   
results in “Finger of God” damping


Controls shape of matter power spectrum,        
interpolating between linear spectrum and 
non-linear spectrum from Mead et al. 2020

ΩHI

bHI bg

⟨MHI⟩g

σHI σg

αNL

Parameters of Interest

Nuisance Parameters
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Parameter Constraints from QSOs

Strong degeneracy:

    Pg,HI ∝ ΩHI (bHI + fμ2)

Define the HI “clustering amplitude”:

    AHI ≡ 103 ΩHI (bHI + ⟨ fμ2⟩)

Use non-informative priors for all parameters, 
except for , which is measured by eBOSS 
at the 1-10% level (depending on the tracer).

bg

Find that  
minimizes uncertainty on 

 over all tracers.


⟨ fμ2⟩ = 0.552

AHI
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Parameter Constraints from QSOs

Our primary constraints are on the 
HI “clustering amplitude”:

   AHI ≡ 103 ΩHI (bHI + ⟨ fμ2⟩)

Starting to place 
interesting constraints on the  
average HI mass of each tracer.
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Constraints on the Cosmic Density of Neutral Hydrogen

Error bars dominated by 
uncertainty in modeling 

physics at small 
(nonlinear) scales
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Statistical and Systematic Errors

64

Constraints on the Cosmic Density of Neutral Hydrogen

Fix the nonlinear parameters at their fiducial value.

Statistical and systematic errors at ~20%.
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Bias in QSO Redshifts

• We measure an offset in the centroid of the QSO stack, likely due to bias in QSO redshifts.

• Demonstrates use of cross-correlations to calibrate systematic errors in individual surveys.

Δv = 66 ± 20 km/s



 

Adam Hincks • IASF Bologna • 30 Nov. 2016

CHIME: Forecasts

● Line – BAO (ΛCDM) in Fourier space, projected onto one 
effective redshift. 

● Errorbars – Predicted 2-year sensitivity of CHIME.

Future Outlook
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Additional Cross-correlation Studies
• Improve S/N and measure  

average HI mass of each eBOSS tracer
⟨MHI⟩g

Our primary constraints are on the 
HI “clustering amplitude”:

   AHI ≡ 103 ΩHI (bHI + ⟨ fμ2⟩)

Starting to place 
interesting constraints 
on ⟨MHI⟩g

time.

Cost: The DESI construction project has cost $75M, with $56M from the DOE and the balance
by other partners and institutional buy-ins. Survey operations are budgeted at ⇠$12M/year, split
approximately one-third site operations, and the rest supporting the instrument, the survey
planning, and data processing and catalog creation.

Figure 3: Measured resolution of the six installed spectrographs. Dotted lines are the system
requirements. The as-built results match exquisitely to the modeled performance.

Figure 4: The planned DESI survey footprint is shown by the shaded area; it is built on several
existing imaging surveys and extends as far south as � = �20� in the SGC and �10� in the NGC.

6

DESI survey footprint 
Levi et al. 2019• DESI


- 4 million LRGs (0.4 < z < 1.0)

- 17 million ELGs (0.6 <  z < 1.6)

- 2 million QSOs (z < 2.1)

RA [deg]

Dec
 [d

eg
]

• eBOSS QSO at higher redshift  
(1.4 < z < 2.2)


• eBOSS Lyman-alpha
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21 cm Power Spectrum Measurements with CHIME
• Measure 21cm power spectrum using CHIME data only 

(i.e., in auto-correlation)

• Investigate new techniques for primary beam calibration 
and foreground removal


- Use signal-to-noise of eBOSS stacked signal as metric

The Astrophysical Journal, 781:57 (9pp), 2014 February 1 Shaw et al.

Figure 3. 21 cm intensity mapping provides a powerful technique for measuring
the shape of the matter power spectrum. In the plots above we illustrate the power
spectrum constraints that could be achieved with the large cylinder telescope.
The top plot shows the constraints on the whole power spectrum, the lower plot
zooms in on the region with BAO, dividing with a smoothed spectrum to remove
the general trend. The dark shaded bands are the errors we would find without
foregrounds, where the only noise is instrumental, the light bands include both
contributions.
(A color version of this figure is available in the online journal.)

to calculate the visibility correlations. For simplicity, each of
our bands is simply equal to the input power spectrum within a
fixed k-band, and zero outside, such that the fiducial model is
pa = 1.

For the band-powers pa that we are trying to estimate, the
matrices C̃a are simply the projection of the basis functions
Pa(k) into the eigenbasis. Starting from the angular power
spectra Ca;l(!, ! !), corresponding to each of the basis functions
Pa(k) (using Equation (A2))

C̃a = RBC21,aB†R† . (34)

In practice, explicitly calculating the C̃a in this way is compu-
tationally expensive, we instead use a Monte Carlo technique.
We can form the estimator q̂a = x̃†C̃"1C̃aC̃"1 x̃, which has
the property that its covariance #q̂a q̂b$ "

!
q̂a

" !
q̂b

"
= Fab (Pad-

manabhan et al. 2003). This means we can estimate the Fab by
averaging over realizations of x̃. For details, see Dillon et al.
(2013).

In Figure 3 we plot the power spectrum errors for two
cases: in the presence of foregrounds that have been cleaned
using our method and without foregrounds at all. In the case

without foregrounds, F = 0 and we only perform the final
KL transform to diagonalize the signal and instrumental noise.
For the foregrounds we have cleaned modes with S/F < 10
and additionally have removed modes with a small ratio of
signal-to-total-power. This corresponds to setting s = 10 and
t = 0.01. This is a clear demonstration of the effectiveness of
the technique—it reduces our sensitivity on large scales as we
would expect (as the removed foreground are smooth on large
scales), while only slightly reducing our ability to constrain the
small scale power spectrum.

7. CONCLUSION

In this paper, we have introduced a powerful formalism
for describing the measurement process of transit telescopes
(either interferometric or otherwise). It is a natural formalism
to describe interferometry on the full sky—sidestepping the
standard complications that arise when dealing with wide-field
interferometric data such as mosaicking and w-projection. A
spherical harmonic transit telescope allows for compact and
computationally efficient representations of the data and its
statistics, which enable new ways of approaching important
problems like map-making and foreground removal.

Using the m-mode formalism and approximating the fore-
grounds as statistically isotropic, allows the powerful KL trans-
formation to be used, automatically finding the basis in which
the astrophysical foregrounds and 21 cm signal are maximally
separated. The KL approach would be computationally impossi-
ble otherwise and is a key advantage of the m-mode formalism.
Using this technique we can take the full 3D data set into ac-
count and overcome the mode-mixing problem. The filters we
construct are highly effective and robust, a fact we have demon-
strated by propagating through realistically simulated 21 cm
and foreground timestreams. In our fiducial example, shown in
Figure 2, peak-to-peak foreground amplitude was reduce by
a factor of %2 & 107 leaving the peak-to-peak amplitude of
the 21 cm signal around 20 times brighter that the foreground
residuals.

We have also used this formalism to produce realistic fore-
casts for the power spectrum constraints from a fiducial 21 cm
cylinder interferometer. We have demonstrated that foreground
cleaning does not significantly degrade 21 cm power spectrum
estimates on baryon acoustic oscillation (BAO) scales and be-
low compared to a hypothetical foreground-free measurement.
We anticipate that the spherical harmonic transit telescope for-
malism will be a powerful tool that can be applied to inform
experimental design and test the interplay between real-world
systematics and design constraints on 21st century 21 cm sci-
ence. We will explore this further in J. R. Shaw et al. (2013, in
preparation).

We thank the CHIME team for stimulating discussions,
and Matt Dobbs and Keith Vanderlinde for comments on an
earlier version of this manuscript. K.S., U.P., and M.S. are
supported in part by the Natural Sciences and Engineering
Research Council (NSERC) of Canada. The work of A.S.
was supported by the DOE at Fermilab under Contract No.
DE-AC02-07CH11359. K.S. thanks the Perimeter Institute for
Theoretical Physics for its hospitality. Some of the results in
this paper have been derived using the HEALPix14 package
(Górski et al. 2005). Computations were performed on the GPC
supercomputer at the SciNet HPC Consortium. SciNet is funded

14 http://healpix.sourceforge.net/
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• Identify BAO feature in 21 cm power spectrum and constrain dark energy
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Figure 3. 21 cm intensity mapping provides a powerful technique for measuring
the shape of the matter power spectrum. In the plots above we illustrate the power
spectrum constraints that could be achieved with the large cylinder telescope.
The top plot shows the constraints on the whole power spectrum, the lower plot
zooms in on the region with BAO, dividing with a smoothed spectrum to remove
the general trend. The dark shaded bands are the errors we would find without
foregrounds, where the only noise is instrumental, the light bands include both
contributions.
(A color version of this figure is available in the online journal.)

to calculate the visibility correlations. For simplicity, each of
our bands is simply equal to the input power spectrum within a
fixed k-band, and zero outside, such that the fiducial model is
pa = 1.

For the band-powers pa that we are trying to estimate, the
matrices C̃a are simply the projection of the basis functions
Pa(k) into the eigenbasis. Starting from the angular power
spectra Ca;l(!, ! !), corresponding to each of the basis functions
Pa(k) (using Equation (A2))

C̃a = RBC21,aB†R† . (34)

In practice, explicitly calculating the C̃a in this way is compu-
tationally expensive, we instead use a Monte Carlo technique.
We can form the estimator q̂a = x̃†C̃"1C̃aC̃"1 x̃, which has
the property that its covariance #q̂a q̂b$ "

!
q̂a

" !
q̂b
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= Fab (Pad-

manabhan et al. 2003). This means we can estimate the Fab by
averaging over realizations of x̃. For details, see Dillon et al.
(2013).

In Figure 3 we plot the power spectrum errors for two
cases: in the presence of foregrounds that have been cleaned
using our method and without foregrounds at all. In the case

without foregrounds, F = 0 and we only perform the final
KL transform to diagonalize the signal and instrumental noise.
For the foregrounds we have cleaned modes with S/F < 10
and additionally have removed modes with a small ratio of
signal-to-total-power. This corresponds to setting s = 10 and
t = 0.01. This is a clear demonstration of the effectiveness of
the technique—it reduces our sensitivity on large scales as we
would expect (as the removed foreground are smooth on large
scales), while only slightly reducing our ability to constrain the
small scale power spectrum.

7. CONCLUSION

In this paper, we have introduced a powerful formalism
for describing the measurement process of transit telescopes
(either interferometric or otherwise). It is a natural formalism
to describe interferometry on the full sky—sidestepping the
standard complications that arise when dealing with wide-field
interferometric data such as mosaicking and w-projection. A
spherical harmonic transit telescope allows for compact and
computationally efficient representations of the data and its
statistics, which enable new ways of approaching important
problems like map-making and foreground removal.

Using the m-mode formalism and approximating the fore-
grounds as statistically isotropic, allows the powerful KL trans-
formation to be used, automatically finding the basis in which
the astrophysical foregrounds and 21 cm signal are maximally
separated. The KL approach would be computationally impossi-
ble otherwise and is a key advantage of the m-mode formalism.
Using this technique we can take the full 3D data set into ac-
count and overcome the mode-mixing problem. The filters we
construct are highly effective and robust, a fact we have demon-
strated by propagating through realistically simulated 21 cm
and foreground timestreams. In our fiducial example, shown in
Figure 2, peak-to-peak foreground amplitude was reduce by
a factor of %2 & 107 leaving the peak-to-peak amplitude of
the 21 cm signal around 20 times brighter that the foreground
residuals.

We have also used this formalism to produce realistic fore-
casts for the power spectrum constraints from a fiducial 21 cm
cylinder interferometer. We have demonstrated that foreground
cleaning does not significantly degrade 21 cm power spectrum
estimates on baryon acoustic oscillation (BAO) scales and be-
low compared to a hypothetical foreground-free measurement.
We anticipate that the spherical harmonic transit telescope for-
malism will be a powerful tool that can be applied to inform
experimental design and test the interplay between real-world
systematics and design constraints on 21st century 21 cm sci-
ence. We will explore this further in J. R. Shaw et al. (2013, in
preparation).

We thank the CHIME team for stimulating discussions,
and Matt Dobbs and Keith Vanderlinde for comments on an
earlier version of this manuscript. K.S., U.P., and M.S. are
supported in part by the Natural Sciences and Engineering
Research Council (NSERC) of Canada. The work of A.S.
was supported by the DOE at Fermilab under Contract No.
DE-AC02-07CH11359. K.S. thanks the Perimeter Institute for
Theoretical Physics for its hospitality. Some of the results in
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Simulations from Shaw et al. 2014
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Cosmology Forecast

CHIME error bars assume 1 year of integration and no residual foregrounds or systematics.

from arXiv:2201.07869



Thank you!  Questions?


